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Expression and Localization of the Two Small
Proteoglycans Biglycan and Decorin in Developing Human
Skeletal and Non-skeletal Tissues

and PAMELA GEHRON ROBEY

The messenger RN As and core proteins of the two small chon-
droitin/dermatan sulfate proteoglycans, biglycan and deco-
rin, were localized in developing human bone and other
tissues by both 33S-labeled RNA probes and antibodies
directed against synthetic peptides corresponding to non-
homologous regions of the two core proteins. Biglycan and
decorin expression and localization were substantially diver-
gent and sometimes mutually exclusive. In developing bones,
spatially restricted patterns of gene expression and/or ma-
trix localization of the two proteoglycans were identified in
articular regions, epiphyseal cartilage, vascular canals, sub-
perichondral regions, and periosteum, and indicated the as-
sociation of each molecule with specific developmental events
at specific sites. Study of non-skeletal tissues revealed that

Introduction

Developing human bone contains two small chondroitin sulfate
(CS) proteoglycans, biglycan (PG I) and decorin (PG II), which are
the products of different genes (5). Biglycan consists of a core pro-
tein of Mr 42,510 and two CS chains; decorin has a core protein
of similar size and one CS chain. The cote protein sequence of cul-
tured human bone cell decorin is identical to that of the human
fibroblast protein (5,11). Biglycan core protein sequence is quite
the same as that of bovine cartilage PG 1(15) (with minor interspe-
cies variations) and is distinct from, although significantly homol-
ogous with, decorin core protein sequence (5). Both PG I/biglycan
and PG Il/decorin are presently viewed as comprising a subset of
virtually ubiquitous extracellular proteoglycans in most connective
tssue matrices (7-9,15,20,21). The tissue localization of decorin
(3,17,22,25,27), and its proven ability to inhibit collagen fiber growth
in vitro (26) led o the postulate that it may correspond to the PG
localized cytochemically to defined regions of the collagen period
in intact tissues (20,23,24). Therefore, its biological functions might
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decorin was associated with all major type I (and type )
collagen-rich connective tissues. Conversely, biglycan was ex-
pressed and localized in a range of specialized cell types, in-
cluding connective tissue (skeletal myofibers, endothelial
cells) and epithelial cells (differentiating keratinocytes, re-
nal tubular epithelia). Biglycan core protein was localized
at the cell surface of certain cell types (e.g., keratinocytes).
Whereas the distribution of decorin was consistent with
matrix-centered functions, possibly related to regulation of
growth of collagen fibers, the distribution of biglycan pointed
to other function(s), perhaps related to cell regulation. (J
Histochem Cytochem 38:1549-1563, 1990)

KEY WORDS: Proteoglycans; Biglycan; Decorin; In situ hybridiza-
tion; Bone development; Tissue localization.

well be related to the regulation of assembly and growth of colla-
gen fibers. However, the distribution and funcuions of biglycan ase
still unknown.

The objective of the present study was to define and compate
the patterns of localization and gene expression of biglycan and
decorin in developing human skeletal and non-skeletal tissues. The
temporal and spatial patterns of expression of the two proteogly-
cans should provide valuable insights into molecular aspects of bone
development, and a necessary frame of reference for understand-
ing their biological functions. For this purpose, we used (a) anti-
bodies directed against synthetic peptides corresponding to non-
homologous amino acid sequences in the N-terminal regions of
the two cote proteins, and (b) in situ hybridization using 3’S-la-
beled RNA probes. This approach provided two independent ways
of identifying the two proteoglycans in tissues and allowed for a
correlation between gene expression and matrix deposition.

Materials and Methods

Tissues. Human tissues of gestational age 14-17 weeks obtained from
therapeutic procedures were used for this study. The material was immedi-
ately placed in Dulbecco’s minimal essential medium and dissected within
2 hr. Tissues sampled included long bones of the limbs (femur, tibia, hu-
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merus, and ulna), ribs, calvatia, lower jaws, viscera (kidney, adrenal, liver,
lung), skin, skeletal muscle, peripheral nerves, eyes, tendons, whole hands
and feet, and placenta. Tissues were fixed for 2 hr or overnight at 4°C in
4% formaldehyde (freshly made from paraformaldehyde) in 0.1 M phos-
phate buffer, pH 7.2. Additional samples wete snap-frozen in dry ice-cooied
isopentane and cryostat sectioned. Frozen sections were used for a prelimi-
nary assessment of potential loss of immunoreactivity in aldehyde-fixed,
paraffin-embedded vs frozen tissues. Routine paraffin embedding of fixed
material was adopted as the standard tissue preparation protocol, given the
identity of immunostaining results obtained in such preliminary study and
the better preservation of morphology. Bone samples were decalcified in
buffered EDTA.

Antibodies. The two “peptide” rabbit antisera used in this study were
described elsewhere in detail and proven to be monospecific (4,5). Briefly,
antiserum LF-15 was generated against a synthetic peptide corresponding
to amino acids 11-24 of the secreted form of human bone PG I/biglycan.
The peptide was conjugated to BSA. Antiserum LF-30 was generated against
a synthetic peptide corresponding to amino acids 5-17 of human PG Il/deco-
rin_ This peptide was conjugated to keyhole limpet hemocyanin. When
used in Western blot and immunoprecipitation, LF-15 recognized the core
protein of PG I/biglycan, and LF-30 the core protein of PG II/decorin, with
no crossreactivity (4,5).

Immunostaining. Sections mounted on poly-L-lysine-coated slides were
deparaffinized, treated with chondroitin ABC lyase (see below), and ex-
posed to0 0.3% hydrogen peroxide for 30 min. After washing in PBS, the
sections were exposed to a 1:5 dilution of normal goat serum for 30 min
and then incubated with a 1:200 dilution of the primary antiserum in PBS,
0.1% BSA for 2 hr. The sections were then washed in PBS, 0.01% Triton
X-100 (four times for 10 min), and incubated with a 1:100 dilution of an
affinity-purified, peroxidase-labeled goat anti-rabbit IgG antibody (Kit-
kegaarde and Perry; Rockville, MD) for 30 min. After washing in PBS-Triton
X100, the sections were reacted with 3,3'-diaminobenzidine and hydrogen
peroxide (6), rinsed in distilled water, dehydrated in ascending concentrations
of ethanol, cleared in xylene. and mounted in Permount. Sections were
counterstained with hernalum as needed. All incubations were done at room
temperature except the ABCase digestion described below.

Chondroitinase Digestion. Because the peptide antibodies quantita-
tively recognize protein cores devoid of attached glycosaminoglycan chains,
sections were treated with chondroitin ABC lyase (protease-free, from Pro-
teus vulgars; ICN Biochemicals, Covina, CA) before immunostaining. Sev-
eral concentrations of ABCase, ranging from 0.01 to 2.5 U/m! in 0.1 M
Tris, 0.05 M calcium acetate, 0.01% BSA, pH 7.2, for 10 min at 37°C were
assayed before adopting 1.25 U/ml as the standard.

Control of Inmunostaining. Control of immunostaining included sub-
stitution of normal rabbit serum (1:200) for primary antisera, and antigen
absorption tests. These wete done by incubating 1 nanomole of each pep-
tide with 100 pl of the highest working dilution of the primary antibody
overnight at 4°C, followed by centrifugation at 10,000 x g for 5 min, and
use in immunostaining. Each antibody was also incubated with the non-
corresponding peptide to check specificity of the absorption.
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Preparation of RNA Probes. The templates used for transcription were
(a) a pBluescriptSK plasmid (P16) containing a 1658 BP insert with the
complete protein-encoding sequence of human bone biglycan, and (b) a
pBluescriptSK plasmid (P2) containing a 1.6 KB insert with the protein-
encoding sequence of human bone decorin (5), identical to that described
for human fibroblast decorin by Krusius and Ruoslahti (11). 3’S-Labeled
single-stranded RNA probes (specific activity 2 x 108 cpm/ug) were syn-
thesized using [3%S}-UTP (New England Nudear; Boston, MA) in T3- or
T7-primed reactions. Transcription conditions were as indicated by the
manufacturer (Riboprobe Gemini System; Promega, Madison, W1) Both
anti-sense and sense (control) probes were synthesized after linearization
of the plasmids followed by phenol extraction and ethanol precipitation.
For synthesis of biglycan anti-sense probe, the plasmid was linearized with
KpnIand T3-primed RNA polymerase reaction was used. The sense strand
was synthesized using T7-primed RNA polymerase after linearization of
the plasmid with Xba I. Decorin anti-sense was synthesized using T7-ptimed
RNA polymerase after linearization with Bam HI; the sense strand was ob-
tained using T3 polymerase after linearization with Kpn I. The template
was removed with DNAse 1, and the probe was purified by centrifugation
on a Sephadex G-50 “spin” column, and reduced in size by limited alka-
{ine hydrolysis (1).

In Situ Hybridization. Deparaffinized sections were treated with 0.2 N
HCl, digested with proteinase K (from Trizirachium album: Sigma, St Louts,
MO), 1 ug/ml in 10 mM Tris, 2 mM CaCl; for 15 min at 37°C, washed
in PBS, and acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine,
pH 8.0. The sections were then washed in PBS, thenin 2 x SSC, dehydrated
in ascending concentrations of ethanol, and air-dried. The hybridization
mixture consisted of 50% formamide, 0.3 M NaCl, 20 mM Tris HCL, pH
8.0, 1 mM EDTA, 1 x Denhardt’s solution, yeast tRNA 500 pg/ml, 10
mM DTT, and 10% dextran sulfate. Final probe concentration was 2 x
10* cpm/pl. Aliquots of the mixture sized on the dimensions of the sections
were applied, and the sections were covered with small plastic squares cut
out of heat-sealable “Seal-a-meal” pouches. The slides were hybridized over-
night at 52°C in a humid atmosphere. The next day, the plastic squares
were removed by immersing the slides in 50% formamide, 0.3 M NaCl,
20 mM Tris HCI, pH 8.0, 1 mM EDTA, 1 x Denhardt’s, 10 mM dithiothreitol.
The slides were then sequentially washed in 50% formamide, 4 x SSC,
10 mM DTT at 52°C for 30 min, 50% formamide, 2 x SSC, 10 mM DTT
at 52°C for 30 min, 2 x SSC (four times for 5 min) at room tempetature.
Adventitiously bound probe was removed by digesting the sections with
20 pg/ml RNAse A, 1 ug/ml RNAse T1 in 0.5 M NaCl, 10 mM Tris HCI,
pH 8.0, 1 mM EDTA, for 30 min at 37°C. The slides were then washed
in RNAse buffer. thenin 2 x SSC. 10 mM DTT for 30 min at room tem-
perature, then in 0.1 x SSC, 10 mM DTT at 52°C for 15 min, 2 x SSC
for 10 min at room temperature, dehydrated, and air-dried. For autoradi-
ography, the slides were dipped in a 1:1 dilution of Kodak NTB-2 emul-
sion, allowed to rest vertically at room temperature for 5 hr, then exposed
at 4°C for 3-8 days in the presence of desiccant. Exposed slides were devel-
oped in Kodak D-19 developer for 2.5 min at 15°C, stopped in 1% acetic
acid, fixed in Kodak fixer, washed in running tap water, countersrained
with hemalum, dehydrated in ethanol, cleared in xylene, and mounted
in Permount. The slides were viewed in both brightfield and darkfield mi-
croscopy.
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Figure 1. Sections of the whole hand of a 14-week-old human fetus stained for (a) biglycan and (b) decorin core proteins. The articular ends of each bone rudiment
show a “cap” of articular cartilage that stains intensely for biglycan and remains unstained for decorin. Deeper to this zone, resting nonarticular cartilage of each
epiphysis stains significantty for decorin and weakly for biglycan. Strong staining of unmineralized, newly deposited osteoid is seen in the midshaft of each rudi-
ment. Details of the fifth metacarpo-phalangeal joint. Note absence of staining for decorin (d) in the biglycan-rich articular cartilage (arrowheads), and the waning
of biglycan staining (c) in the deep, decorin-rich resting cartilage (r). Also note that articular soft tissues (asterisk), like articular cartilage, stain for biglycan and do

not stain for decorin. Bars: a,b = 1 mm; ¢,d = 50 um.
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Results

Immunolocalization of Biglycan and Decorin
Core Proteins

Skeletal Tissues. Biglycan and decorin core proteins were spe-
cifically localized to cartilaginous and bony components of develop-
ing bones. However, important differences in the two staining pat-
terns were noted at particular sites. Figure 1 shows the localization
of biglycan and decorin core proteins in developing diarthrodial
joints. Biglycan corc protein was localized to an outer “cap” of
prospective articular cartilage at each epiphyseal end of bone rudi-
ments. Decorin was not detected at these sites but was found in
the more deeply located nonarticular resting cartilage, in which
staining for biglycan was conversely weak. Articular soft tissues (ar-
ticular capsule, synovium) displayed the same staining profile as
articular cartilage, i.e., they stained for biglycan but not for deco-
rin. This mutually exclusive staining pattern in articular regions
was essentially the same in all long bones studied. However, non-
articular resting cartilage stained somewhat more prominently for
biglycan in limb long bones than in metacarpal and phalangeal
rudiments. A halo of cartilage matrix that remained unstained tor
either biglycan or decotin core protein was consistently observed
around vascular canals ingrowing from the perichondrium to epi-
physeal cartilage of long bones.

Because endochondral ossification begins at different times and
proceeds at different rates in different bone rudiments, a spectrum
of developmental stages of growth plates was displayed by the differ-
ent bone rudiments included in this study. At the gestational age
examined, long bones of limbs were fully ossified in their diaphyseal
portions, and their metaphyseal growth plates were extensively in-
vaded by marrow vasculature and ossifying. In contrast, most de-
veloping vertebrae consisted of entirely cartilaginous rudiments,
each displaying a centrally located, forming primary center of os-
sification. This consisted of a central area of cartilage hypertrophy
surrounded by concentrically arranged proliferating chondrocytes.
Metacarpal and phalangeal rudiments showed periosteal ossifica-
tion in their mid-diaphysis, with variable degrees of invasion and
ossification of the undetlying hypertrophic cartilage. A feature com-
mon to all growth plates was a highly segregated staining pattern
in the upper proliferative zone, where biglycan was restricted to
territorial capsules of isogenic groups of chondrocytes (Figure 2a),
and decorin to interterritorial matrix (Figure 2b). In limb long
bones, matrix staining for either biglycan or decorin was virtually
absent in lower proliferative, hypertrophic, and mineralizing zones
of the growth plates (Figures 2c and 2d). In contrast, the corre-
sponding zones of more immature growth plates (metacarpal,
phalangeal, vertebral) showed prominent staining for decorin and
less intense but distinct staining for biglycan (Figures 2e and 2f).
Chondrocytes stained prominently for decorin in all growth plates.

&
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irrespective of the stainability of the matrix, whereas cellular stain-
ing for biglycan was less prominent. This was also true in other
zones of cartilage, possibly indicating poorer accessibility of the
intracellular biglycan core protein as opposed to the intracellular
decorin core protein. Newly deposited bone matrix stained intensely
for both biglycan and decorin at all sites of bone formation, of ei-
ther membranous, perichondral, periosteal, or endochondral ori-
gin. Biglycan, but not decorin, was also localized to the thin layer
of unmineralized matrix lining osteocytic lacunar walls and canalic-
ular spaces.

Non-skeletal Tissues. A survey of a variety of non-skeletal tis-
sues revealed a substantially divergent distribution of biglycan and
decorin core proteins (Table 1). Whereas decorin was localized in
all classical connective tissue matrices, staining for biglycan was ei-
ther minor or absent in most such tissues (such as dermis, tendon,
or cornea), with few exceptions (e.g., adventitia of large blood ves-
sels, inner part of the sclera). Biglycan core protein was instead local-
ized to a few specialized connective tissues where decorin was not
detected (e.g., endocardium, articular capsules), and to a spectrum
of specialized cell types of either connective tissue or epithelial na-
ture. These included endothelial cells, skeletal myofibers, keratino-
cytes, and renal tubular epithelia. Developing kidney and skin pro-
vide suitable examples of the divergence of the localization patterns
observed. In skin (Figure 3), decorin core protein was localized to

Table 1. Distribution of biglycan and decorin core proteins
and mRNAs in non-skeletal tissues

Tissue Biglycan Decorin
Kidney Endothelia Interstitium
Collecting tubules
Heart Endocardium
Some myocardial fibers  Subpericardium
Lung “Small” interstitium “Small” and “large”
iuterstitium
Liver - Perisinusoidal connective
tissue
Adrenal gland Endothelia -
Aorta Intima Media
Media Adventitia
Adventitia
Skin Epidermis Dermal matrix
Endothelia
Tendon - +
Skeletal muscle  Myofibers Connective tissue sheaths
Eye Sclera (inner part) Sclera
Cornea
Peripheral nerve  Endothelia Connective tissue sheaths
Placenta Endothelia Connective tissue core

of willi

Figure 2. Epiphyseal cartilage of the humerus, upper proliferative zone. Adjacent sections stained for (&) biglycan and (b) decorin. Territorial capsules of isogenic
groups of chondrocytes stain for biglycan but not for decorin. Interterritorial matrix stains for decorin but not for bigiycan. (¢,d) Same sections as in a and b, growth
plates. Note that the cartilage matrix does not stain significantly for either (c) biglycan or (d) decorin. The cartilage cores of developing bone trabeculae also
fail to stain, whereas newly deposited ostecid at their surfaces does stain (arrows). e,f show, for comparison, metacarpal rudiments, stained for (e) decorin and
() biglycan. The hypertrophic cartilage in their growth plates (hc), at variance with that of the humeral growth plate, does stain. Note cell staining for decorin
in b and d. Bars: ab = 30 um; ¢,d = 60 um; e,f = 100 um.



1554

Figure 3 immunclocalization of Biglycan and decorin core peoteins in fetal skin
(&) Decorin is localized to the collaganous matri of tha dermis, whisha staining
far (b} bighycan is absant. Biglycan core probein is lecallzed o the epidermis,
whare dacorin is nol delected. (e) Locelization of biglycan core protein at the
cell surface of diffarentiating keratinocytes. Bars: ab = 20um; & = 30um.

the dermal collagenous marrix, whereas biglycan core procein was
localized to the cell surface of differentiating keratinocytes of the
prickle cell layer and, in the dermis, was restricred 1o the endothelial
lining of capillaries. In kidney (Figure 4), decorin was localized ro
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the interstitial connective tissee, with focal concentrarions around
ruhular structuses and ar the adventitia of arteres, whereas bigly-
can was localized 1o endochelial cells and 1o the apical sutface of
epithelial cells lining collecting tubules. Occasional cells inside the
glomeruli, possibly mesangial cells, also scained for decorin. Yery
occasionally, epithelial cells of the parictal epithelium of develop-
ing glomeruli exhibired some staining for biglycan.

Expression of Biglycan and Decorin mRNAs

Developing Bones. Although both biglycan and decorin genes
were expressed in cartilage and bone cells, important differences
were noted ar specific regions of developing bones. High levels of
biglycan mRMA were detected in articular regions (Figure $a), in
forming growrh plares (such as in developing verrebrae; Figure 6a),
and in perichondtum-derived mesenchymal cells inside vascular
canals (Figure 7¢). In conrrast, low levels of deconin mENA were
found in arricular cartilage (Figure Sb), whereas very high levels
were devecred in a narrow rim of cartilage ar peripheral subperichon-
dral locations {Figure 6b) and in chand rocytes artanged around vas-
cular canals ingrewing from the perichondrium to epiphyseal car-
tilage (Figures 7a and 7h). In growth plates of limb long bones,
low levels of biglycan and low or underecrable levels of decorin were
abserved in proliferating cartilage, and high levels of both mENAs
i hypertrophic chondrocytes (Figure 8).

In bone (Figure 9), biglyean and decorin mENAs were co-
expressed at high levels in osteoblasts on bone surfaces and in os-
teacyees (in the larer, higlycan was more consistently and abun-
dantly expressed than decorin). Biglyean mBNA was not expressed
significantly in fibroblasts of the outer periosteum bur was abun-
dant in pre-osteogenic cells of the inner {cambial) layer. More cell
lavers expressed high levels of biglycan mBMNA ar the metaphyseal
lzading edge of periosteal ossification (ie., ar the site of earliest
pennseeal bone formation ) than at the level of the midshaft {(where
osafication 15 more advanced). Decorin mENA. in contrase, was
expressed at essentially similar levels throughour the periosteum,
i.c., no difference in the levels of decorin expression could be noted
berween fikrablasts of the outer periosteum and pre-osteogenic cells
of the cambial layer,

Non-skeletal Tissues. In non-skeleral tissues, the pareern of
higlycan and decorin gene expression coincided with that of core
protein localization, confirming the expression of decorin in all
rypical fibrous connective tissues and of biglycan in a range of
specialized, epithelial, and connective rissue cell types. In skin, deco-
rin mENA was localized at high levels in the dermus, with substan-
tial concentrarions of grains around developing hair follicles. Bigly-
can mANA, in contrast, was detected in differentiating keratinocytes
i Figures 10a and 10b) and in endothelial cells of dermal capillaries
{Figures 10¢ and 10d). In kidney (Figure 11}, a strong signal for
decorin was seen over the interstitium bur not over rubular and

P

Figura 4. Localization of bighycan and decorin core protains in developing kidnay. (8.b) Low-powar views of adjacent sections showing the stainng of ranel intersti-
tial connective lissue for (B) desorin Bbul mot Tor (8] biglyean  Arrows in 8 and b painl lo the cross-sections of the sama small artery. Mobe thae staining of its andothelial
lining for biglyean and of it adventitia for decorin. (e) Immunolocalization of biglyean. detall of mnar cortex showing labelling of glomarular {large armowheads)
and extraglomarslar (small armowheads) capillaries, and of the luminal surface of apithelial calls Bning cortical eollecting lubules ([armows). (d) Immunolocaflzation
of decarin, detail of inner corlas shawing staining of interstiial connective lsswee, strong staining of the adventitia of an artery (arrcws), and lack of staining of

glamaruli igl. Bars: ab = 210 um; e,d = &0 um
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glomerular structures. Biglycan mRNA was detected in glomeruli Discussion
and in epithelial cells of collecting tubules. Biglycan mRNA was
detected in some skeletal myofibers (Figure 12), thus confirming
data from immunolocalization of the corresponding core protein.

Figure 5. Localization of biglycan and deco-
rin mRNAs in articular cartilage of the hu-
merus. (a) Superficial chondrocytes show
higher levels of biglycan mRNA than of (b)
decorin mRNA. High levels of decorin
mRNA are seen in deeper chondrocytes.
Darkfieid images. Bar = 40 um.

Using both sequence-specific “peptide” antibodies and in situ hy-
bridization, we have presented evidence that the two small chon-
droitin/dermatan sulfate proteoglycans biglycan and decorin dif-

Figure 6. Developing vertebral column,
darkfield images of autoradiographies of ad-
jacent sections hybridized with (a) biglycan
and (b) decorin probes. Strong hybridization
signal for biglycan is detected over chondro-
cytes lying in an ovoid central portion of the
vertebral rudiment. This “centrum” corre-
sponds to the forming primary center of os-
sification, consisting of a central zone of
cartilage hypertrophy surrounded by con-
centrically arranged layers of proliferating
cells. Resting cartilage outside of this area
is virtually unlabeled, as are the interver-
tebral discs (id). In contrast, strong hybrid-
ization signal for decorin is seen in a periph-
eral “shell” of resting cartilage, including
forming endplates and subperichondral re-
gions. intervertebral discs also show hybrid-
ization signal (in both annulus and nucleus).
Significant labeling is also seen in hyper-
trophic cartilage. Bars = 250 um.
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Figure 7. Expression of the biglycan and decorin genes in vascular canals of
cartilage. (a) A vascular canal ingrowing from the perichondrium (vc) is sur-
rounded by chondrocytes exhibiting strong hybridization signal for decorin.
Chondrocytes with comparable high levels of dacorin mRNA are seen scattered
in the surrounding resting cartilage. (b,c) Adjacent sections of epiphyseal vas-
cular canals hybridized with (b) decorin and (c) biglycan probes. Note the con-
centration of chondrocytes with high levels of decorin mRNA around the canal.
Inside the canal, the walis of individual blood vessels (asterisks) and peri-
chondrium-derived mesenchymal cells (m) show strong hybridization signal for
biglycan but not for decorin. Bars = 80 pm.

fer significantly in distribution in developing human skeletal and
non-skeletal tissues.

In developing bones, the immunolocalization of the two core
proteins differed in regions of cartilage matrix known to differ sig-
nificantly in motphology and overall collagen organization (e.g.,
articular vs non-articular regions, territorial vs interterritorial ma-
trices). In addition, the spatial patterns of maximal expression of

1557

the two genes point to their association with specific developmen-
tal events. For example, biglycan gene was expressed at high levels
in pre-osteogenic cells both in the petiosteum and in motphologi-
cally undifferentiated mesenchymal cells in vascular canals, thought
to be perichondrium-derived pre-osteogenic cells recruited for the
formation of the secondary (epiphyseal) center of ossification (13).
Decarin expression, in contrast, was not detected inside vascular
canals, and was found to be uniform throughout osteogenic and
non-osteogenic layers of periosteum. This suggests specific associ-
ation of biglycan (but not decorin) expression with osteoblast dif-
ferentiation. Furthermore, the highly segregated pattern of expres-
sion of the two genes in early bone rudiments, such as in developing
vertebrae, indicates the association of the expression of the two genes
with different modes of growth of individual rudiments. Decotin
is maximally expressed at the sites of appositional growth (e.g., sub-
petichondral regions), whereas biglycan expression predominates
at the site of formation of growth plates. The demonstration of
high levels of decorin in perivascular chondrocytes in epiphyseal
cartilage may be functionally equated to the high levels of expres-
sion of decorin in subperichondral regions. In fact, the anatom-
ical continuity of vascular canals with the perichondrium makes
perivascular cartilage an internal subperichondral region in epiphyseal
cartilage.

At two sites in cartilage, the combined use of in situ hybridiza-
tion and immunolocalization disclosed a lack of coincidence be-
tween gene expression and mattix deposition. In a tim of cartilage
matrix around vascular canals and in hypertrophic cartilage of growth
plates of long bones, high levels of gene expression contrasted with
the absence of stainable core proteins in the matrix. This can be
explained with a negative translational control of, alternatively, with
high rates of proteoglycan removal from the matrix at those partic-
ular sites. The known occurrence of degradation of cartilage ma-
trix components both around vascular canals (12,13) and in growth
plates (14) supports the second explanation. Interestingly, close con-
tiguity with vasculature is 2 common feature of areas of unstain-
able matrix, both around vascular canals and in growth plates of
long bones. In metacarpal, phalangeal, and vertebral growth plates,
which were uninvaded of pootly vascularized, the matrix of growth
plates did stain, at variance with growth plates of long bones, and
in accordance with the high levels of biglycan and decorin tran-
scripts in hypertrophic chondrocytes indicated by in situ data. The
occutrence of different rates of PG degradation in growth plate car-
tilage matrix correlated with the extent of vascular invasion, ap-
pears a plausible explanation with which our in situ and im-
munolocalization data would be consistent.

Using a monoclonal antibody to DS/PG I, Poole et al. (17) de-
scribed the presence of decorin in bovine fetal and non-fetal artic-
ular cartilage and the absence of this molecule from proliferating
and hypertrophic growth plate cartilage. Our data partially match
such previous findings, but reveal an outermost zone of decorin-
free, biglycan-enriched cartilage matrix in human fetal prospec-
tive articular cartilage. Biochemical studies have desctibed the pres-
ence of decorin in human articular cartilage (19,20). However, these
studies focused on postnatal articular cartilage and are less directly
comparable with ours, because sampling for biochemical studies
and direct tissue immunolocalization obviously differ in their power
of spatial resolution. Our data on the distribution of decotin out-
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side of skeletal tissues match those previously reported by Poole
et al. (17). In essence, we found decorin to be highly enriched in
all collagen type I-rich connective tissues. Biglycan, in contrast, ap-
pears to be essentially absent from some typical connective tissue
matrices, such as dermis, tendon, and cornea, and is expressed in
a variety of untelated cell types not involved in the production of
type I collagen. In addition to some specialized connective tissuc
cell types, (endothelial cells, skeletal myofibers), these include ep-
ithelial cells such as keratinocytes and renal tubular epithelia, in
which biglycan (ot its core protein, regardless of the type, if any,
of glycosaminoglycan chain) appears to be a cell surface-associated
molecule. Although there is previous biochemical evidence for the
production of small DS/CS proteoglycans by endothelial cells (10)
and skeletal muscle (16), no precise indication existed as to their
identity. Keratinocytes have been shown to produce a membrane-
associated large CS proteoglycan in intact tissue (2), and also smaller
proteoglycan species in culture (18). Both gene expression and lo-
calization of biglycan core protein 1n epidermal cells are restricted
to differentiating keratinocytes (prickle cell layer) and are not de-
tected in the proliferating cells of the basal layer. This is of interest
given the change in cell/matrix interaction that represents the pre-
requisite for upward dislocation of epidermal cells as they shift from
a proliferative to a differentiative phase of their lifespan.
Whereas the distribution of decorin lends support to its postu-
lated function of regulation of collagen fiber assembly and growth,
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Figure 8. Detection of biglycan and deco-
rin mRNASs in the growth plate of a long bone
(femur). (a) Low but distinct levels of bigly-
can mRNA are seen in the prolifarative zone
(top), and strong signal is seen over hyper-
trophic chondrocytes (bottom). (b) An area
of hypertrophic cartilage hybridized with a
biglycan sense (control) probe. (c) Hyper-
trophic chondrocytes showing strong signal
for decorin mRNA. Bars = 50 um.

the distribution of the closely related biglycan strongly indicates
a different biological role. The diversity of cell types expressing bigly-
can suggests a range of functions specific to each cell. For example,
expression in skeletal myofibers would be consistent with the in-
volvement of small PGs in the physiology of the neuromuscular
junction (16). Also, given (a) the high homology of biglycan core
protein with glycoprotein Ib (5), which in platelets binds von
Willebrand factor, and (b) the known occurrence of synthesis and
storage of von Willebrand factor in endothelial cells, the expres-
sion of biglycan by microvascular endothelia suggests potential bind-
ing of von Willebrand factor by biglycan in endothelial cells, a test-
able hypothesis relevant to the regulation of clot formation. However,
biglycan is also homologous to gene products regulating morpho-
genesis in Drosophila (5). It is interesting, therefore, that active
morphogenesis and differentiation were 2 common denominator
of all tissues displaying biglycan expression in this study.
Whatever the ultimate function of biglycan may be, the differ-
ences in tissue distribution of biglycan and decorin are even more
remarkable if matched to the similarity they share in terms of over-
all structure and core protein sequence. The view that includes bigly-
can and decorin in the same subset of ubiquitous interstitial pro-
teoglycans of the extracellular matrix of connective tissues needs
partial revision on the basis of the data presented here. Whereas
decorin seems to be a “full-time” mattix component, biglycan ap-
pears to be a cell surface or close territorial molecule (perhaps found

>

Figure 9. Detection of biglycan and decorin mRNAs in periosteal ossification. (a,b) Metaphyseal leading edge of periosteal ossification in the humerus. High levels
of biglycan mRNA are detected in osteoblasts and osteocytes in the bony collar (bc). Strong hybridization signal is also observed in the inner (osteogenic) peri-
osteum, whereas the outer (fibrous) periosteum (op) is virtually devoid of labeling. In contrast, the levels of decorin mRNA are comparabie throughout the thickness
of the periosteum, and high in bone cells. (c,d) Subperiosteal region of the mid-diaphysis of the humerus. Strong signal for (¢) biglycan mRNA is seen in osteoblasts
at the surfaces of bone trabeculae (bt) and in the innermost part of the periosteum. Osteoblasts on trabecular surfaces also show strong signal for decorin mRNA,

as do fibroblasts in the periosteum (p). Bars = 60 um.
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Figure 10 Bagiycan mANA n sion (ab) $'|9"m Al CRTNThgd RS 3N0wdng STDng “yDNIIANON Saohl Cvlr Giferenligfing ReralinoCyies i The a0t
Nt e AEEencs OF 0T RCRT Bgnal I O8N SVEr BONENES Bne Dwel The hesel call aver of the apoermia. (ed) BrghtSede and cervfeid rmages of capianes
= the geeD Sermia. $howing Srong hyDridization signal %or Digiycan mANA. Bars ab = 0 om ed = 2D um

Figure 11. Detection of bagiycan and decann mANAS » developing lodney. (ab) Brghtheis and dardicld mages of deveiopir,j giomerul i the conex. showng
hybridization signal for Dighycan mANA. (g} Low-power view of 3 dney section hybridired with the decorin probe, showing strong signal ower the intemium
whersas lubular structures appear blank (de) Brghthelo ang derchieid mages of colisct ng tubules = the renal meculia. showing strong ssgnal ior bighycan
Bars ab = W0 um ¢ = 80 um; da = 140 pm
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Figure 12. Bigtycan and decorin in skeletal muscle. (a) Localization of decorin
core protein in connective tissue sheaths. (b) Localization of biglycan core pro-
tein in individual skeletal myofibers. Connective tissue sheaths (arrowheads)
are unstained. (c,d) Brightfield and darkfield images of skeletal myofibers dis-
playing hybridization signal for biglycan mRNA. Bars: a,b = 30 um; ¢,d = 80um.

in the matrix only after being shed from the sutface and thus en-
riched in some closely pericellular environments, such as in carti-
lage and bone) and is most likely involved in functions other than
matrix production and assembly.
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